Beta-catenin is a protein with dual functions in the cell, playing a role in both adhesion between cells as well as gene transcription via the canonical Wnt signalling pathway. In the canonical Wnt signalling pathway, beta-catenin again plays multiple roles. In the embryonic stage, the regulation of beta-catenin levels activates genes that govern cell proliferation and differentiation. In an adult organism, beta-catenin continues to regulate the cell cycle -as a result over-expression of beta-catenin may lead to cancer. In the brain, dysfunctions in Wnt signalling related to beta-catenin levels may also cause various pathological conditions like Alzheimer's disease, Parkinson's disease, and depression. Beta-catenin can be influenced by stressful conditions and increases in glucocorticoid levels. In addition, beta-catenin can be regulated by neurotransmitters such as serotonin and dopamine. Fluctuations in betacatenin in brain regions under duress have been associated with depressive-like behaviours. It is theorized that the change in behaviour can be attributed to the regulation of Dicer by betacatenin. Dicer, a protein that produces micro-RNAs in the cell, is a target gene for beta-catenin. Amongst the micro-RNA that it produces are those involved in stress resilience. In this way, beta-catenin has taken its place in the well-studied biochemistry of stress and depression, and future research into this interesting protein may yet yield fruitful results in that field.
Introduction
Stress refers to a state of emotional or mental strain, where elements that induce stress cause a psychological phenomenon that has its causes in biological changes in the body [1] . Such elements are called stressors and may come from various sources such as financial, health, or personal issues.
Stress can be categorized as one of two forms, depending on its source and duration; acute stress and chronic stress. Acute stress is common and short-term in nature; stressful events as different as racing at high speeds or rushing for an oncoming deadline can both be sources of acute stress. Thus, an acute stressor can be defined as an isolated event which hippocampus [17] , the nucleus accumbens [18] , the basal amygdala [19, 20] and the hypothalamus [21] .
In the brain, beta-catenin expression is at its highest during the developmental stage and cytoplasmic levels peak in neurons at day 5 in mice [22] . Beta-catenin mRNA levels decline in the post-developmental stage, which persists into adulthood. However, with progressive aging, beta-catenin proteins exhibit higher levels [23] .
Control of beta-catenin levels during development of the brain is important, as overexpression of the gene may cause increase of neural out-growth and decrease of differentiation, while prematurely inhibiting expression of beta-catenin before its natural decline may cause the progenitor neurons to exit the cell cycle early with increased neuronal differentiation [24] .
Beta-catenin has two main roles. Its dual role makes it a versatile protein, one that has been implicated in many diverse functions in a living organism.
It can act as an adhesion protein, where it serves as an anchor for cadherin, which is then linked to the actin cytoskeleton of the cell via alpha-catenin, thus binding the cells together [15] . As an adhesion protein, beta-catenin can affect synaptic stability between hippocampal neurons [25] , hypothalamic neurons during the estrous cycle [26] and also neurons within the amygdala, where its activity correlates to the formation and consolidation of memory in the brain [19] . Within these regions, beta-catenin can be regulated by estrogen [27] .
Furthermore, beta-catenin has been associated with cellular differentiation and development from an embryological state [28] . It also plays a role in the formation of memory via neuroplasticity, a process associated with both of its roles [19, 20] . Dysfunctions related to beta-catenin have been implicated in the causes of pathological conditions such as depression [16, 17, 29] , neurodegenerative diseases [30, 31] and cancer [28, [32] [33] [34] .
Beta-catenin's second role is to serve as an important component of the canonical Wnt signaling pathway [13, 35, 36] , a pathway which warrants a more detailed description below.
The Wnt signalling Pathway
The Wnt signalling pathway is a highly conserved signal transduction pathway, of which three have been identified thus far: the canonical Wnt pathway, the non-canonical planar cell polarity pathway, and finally the non-canonical Wnt/calcium pathway [37] . Although all three pathways have the same beginning, with a Wnt protein binding to a Frizzled receptor, they subsequently embark upon different signalling pathways and thus regulate different aspects of the cell [37] .
Beta-catenin is vital for the canonical Wnt signalling pathway. When the pathway is inactive, beta-catenin is phosphorylated by glycogen synthase kinase 3 β (GSK3β) and bound to a destruction complex before being ubiquinated by beta-transducin repeat-containing proteins (β-TrCP) [38] . This marks beta-catenin for degradation by proteasomes (Fig. 3) .
When Wnt protein binds to the Frizzled transmembrane receptors and its co-receptors Low density lipoprotein-Related Protein 5/6 (LRP5/6), the Wnt pathway becomes active. The destruction complex is bound to the activated Frizzled receptors. The phosphorylated beta-catenin remains in place but is now no longer ubiquinated by β-TrCP, taking up space. This results in newly synthesized beta-catenin not being bound to the destruction complex, but instead allowed to increase in levels and saturate the cytoplasm. At that point, betacatenin then translocates into the nucleus where acts as an co-activator and associates with TCF/LEF1, a family of multifunctional transcription factors (Fig. 3) .
Transcription of the Wnt pathway target genes then proceeds [39] , such as neurogenin1 and NeuroD1 which govern neuronal differentiation [40] . The genes transcribed would be dependent on which of the isoforms of the TCF/LEF1 family that beta-catenin binds to [41] . 
Factors regulating beta-catenin
Within the Wnt signalling pathway, beta-catenin is governed by various regulatory mechanisms. These mechanisms tend to act on the destruction complex: in general terms, beta-catenin levels are controlled indirectly by regulating the rate of destruction (Fig. 3 ). As these influences act upon the destruction complex rather than directly altering Wnt binding rates, they induce constitutive changes independent of upstream signalling of Wnt.
GSK3β in its active, unphosphorylated form [42] , is required for phosphorylation of beta-catenin to lead to its degradation, and thus its presence -or lack thereof -influences the levels of beta-catenin [43] . Thus, any changes in cellular biochemistry that modifies the levels of ser9-phosphorylated-GSK3β may in turn alter beta-catenin levels. The role of GSK3β and other protein kinases in the modulation of beta-catenin has been well-summarized in recent reviews [43, 44] .
Beta-catenin, stress and depression:
Beta-catenin and stress From a biological point of view, stress can result in changes in the endocrine system, and can cause an increase or decrease in the expression of various genes associated with the stress response [45] . As detailed in the introduction, the form of stress most commonly associated with depression is chronic stress.
After being exposed to chronic stress via foot shocks, beta-catenin levels in the stressed mice were found to be decreased within the basolateral amygdala, but increased in the dorsal hippocampus [46] . This was associated with increased anxiety and fear-like behaviour in those mice and suggests that basal changes in beta-catenin levels due to chronic stress affects stress-related behaviour [46] . In contrast, beta-catenin in the nucleus accumbens appears to facilitate resilient responses to acute stressors [47] . As the presence of acute stress in individuals already suffering from high chronic stress is a strong indicator for major depressive episodes, the study's correlation of increased levels of beta-catenin in the nucleus accumbens with higher suppression of stress behaviour appears to suggest betacatenin may exert a protective effect in depression, at least in the nucleus accumbens. On the other hand, downregulation of beta-catenin expression with sulindac enhanced stress-like behaviour while upregulation of the Wnt pathway with the use of lithium reduced it [47] .
Chronic stress is a form of stress that can be mediated by beta-catenin through one of its target genes, Dicer-1 [18] . The product of Dicer-1 acts to cleave precursor RNA molecules to produce microRNAs (miRNA), and an elevation of miRNA levels has been associated with stress adaptations [48] [49] [50] . Mice with an excised beta-catenin gene in the nucleus accumbens are more susceptible to social defeat-induced chronic stress as the down-stream target of beta-catenin, Dicer-1, can no longer be upregulated to produce miRNAs important in resisting the effects of stress [18] .
Chronic stress induced by dexamethasone decreased phosphorylation of ser9 on GSK3β -this resulted in an increase in GSK3β activity and a corresponding decrease in beta-catenin levels [51] .
During times of stress, glucocorticoid levels are increased, which in turn affect various other biological components in our body. Particularly in the brain, elevated glucocorticoid levels may directly affect neuronal functionality [52] . Chronic stress reduces beta-catenin and phosphorylated GSK3β levels within the pre-frontal cortex and dorsal hippocampus after 14 days of daily forced swim tests, which causes elevated total GSK3β levels, reduced phosphorylated GSK3β expression, and reduced beta-catenin levels [16, 38] . Elevated total GSK3β levels combined with reduced phosphorylated GSK3β expression indicates increased overall levels of dephosphorylated, active GSK3β. Under those situations, beta-catenin would be digested by the destruction complex, resulting in the reduced levels. Furthermore, the increase in glucocorticoid levels induced by stress has also been shown to result in degeneration of the hippocampal neurons. Mice exposed to stress show elevated levels of Dickkopf-1 (Dkk-1), which blocks the Wnt signalling pathway resulting in hippocampal damage. Dkk-1 acts to promote endocytosis of LRP5/6, which prevents the Wnt signalling pathway from activating, thus causing dendritic atrophy and neuronal loss [53] .
Stress can also have a physiological effect in the form of oxidative stress. Inducing oxidative stress in the hypothalamus and amgydala has been correlated with an increase in anxiety-like behaviour [54, 55] . Oxidative stress involves an increase in the generation of reactive oxygen species (ROS), which can damage various components of the cell such as its DNA, protein or lipids -in order to cope with this stress, cells adapt their constitution via several pathways including the Wnt beta-catenin pathway [56, 57] . During oxidative stress, beta-catenin deficient mice are unable to suppress the generation of ROS [58] . Subsequently, over-expression of beta-catenin binds to FoxO, an important molecule for oxidative stress tolerance and cellular proliferation [59] ; this inhibits cell cycle progression [60] .
Beta-catenin and depression
Depression is a neurological disorder that may be related to beta-catenin dysfunction within the brain. The link between depression and Wnt signalling, of which beta-catenin is an important component, began with the discovery that GSK3β was effectively inhibited by lithium, which was used as a treatment for bipolar affective disorders, and at the same time, also found to increase beta-catenin saturation in in vitro cell cultures [61] . This effect was also observed in the rat brain [62] and later, beta-catenin and GSK3β expression was implicated in depressive-like behaviour in the frontal cortex and hippocampus [29, 63, 64] . Over-expression of beta-catenin causes similar behavioural effects as that of inhibition of GSK3β via phosphorylation, which has previously been identified as a means of rescuing depressive-like behaviour. [29, 64] . Dysfunctions in Wnt signalling -namely, the downregulation of Dishevelled, a protein that is part of the destruction complex, as well as an increase in levels and activity of dephosphorylated GSK3β -can be seen in the nucleus accumbens of mice in association with increased susceptibility to social defeat stress and depression-like behaviour. [65] .
Within the human brain, alterations in beta-catenin levels have been demonstrated during cases of depression. Brain samples of patients suffering from major depressive disorder are found to exhibit a dysregulation of Wnt signalling activity. These samples show lowered beta-catenin protein levels in the nucleus accumbens even though betacatenin mRNA levels remain unchanged. This indicates that depression does not involve the down-regulation of beta-catenin expression at a genetic level, but instead could be linked specifically to alterations in the functionality of the beta-catenin peptide within the nucleus, causing a reduction in viable, detectable beta-catenin protein [18] . Furthermore, an increase in dephosphorylated GSK3β is associated with lowered beta-catenin protein levels in the prefrontal cortex [66] .
The link between Wnt signalling and anti-depressants was first conceived when it was discovered that hippocampal neurogenesis was mandatory for behavioural effects of anti-depressants to manifest. Disruption of the neurogenesis in the hippocampus induced by anti-depressant treatment was shown to prevent neurogenic and behavioural effects of fluoxetine and imipramine, indicating the importance of the growth of new hippocampal neurons in anti-depressant action [67] . As beta-catenin and the Wnt pathway are both a vital step in cell proliferation, research into the links between beta-catenin and anti-depressants then began to step up.
Chronic stress-induced reductions in beta-catenin and phosphorylated GSK3β within the pre-frontal cortex could be alleviated with the administration of the antidepressant citalopram, which recovered both behavioural changes as well as beta-catenin and phosphorylated GSK3β levels [16] . The static levels of overall GSK3β means that a decrease in phosphorylated, inactivated GSK3β would correspond to an increase in dephosphorylated, activated GSK3β; this then reduces relative beta-catenin levels due to the role of dephosphorylated GSK3β in the destruction complex. Similarly, in the dorsal Teo/Soga/Parhar: Brain Beta-Catenin During Stress hippocampus, citalopram can rescue depression of overall beta-catenin levels brought about by chronic stress. Citalopram-treated chronically stressed rats exhibit normal GSK3β and beta-catenin levels in comparison to the reduced levels observed in untreated, stressed rats [17] . However, administration of the Dvl inhibitor sulindac negates the restorative effects of citalopram, suggesting that Dvl may have a part to play in citalopram's effect on betacatenin [17] . Although the interaction of Dvl with citalopram has yet to be clarified, since sulindac acts to suppress Wnt/beta-catenin signalling by binding to the PDZ domain of Dvlwhich functions in relaying signals from membrane-bound Wnt receptors downstream -it is possible that citalopram acts on that same domain to promote accumulation of beta-catenin.
The use of the dual reuptake inhibitor (SNRI) venlafaxine also demonstrated an increase in the activity of hippocampal beta-catenin, supporting the idea that beta-catenin may play a role in the proliferation of hippocampal neurons observed in anti-depressant use. Administration of the SNRI increases nuclear beta-catenin levels; the rise in beta-catenin levels within the nucleus may upregulate the expression of cell cycle regulator genes which then enhances neuronal proliferation. However, the exact mechanism by which venlafaxine acts to induce the Wnt signalling pathway is yet unclear [68] . The anti-depressant resveratrol was also shown to downregulate hyperactivity of the HPA axis and upregulate the activity of beta-catenin in the hippocampus of rats suffering from subclinical hypothyroidism [69] .
Although the mechanisms between the reduction of beta-catenin and the onset of anxiety and depressive-related symptoms have not been clearly elucidated in most studies, it has been suggested that a key role may lie with Dicer1, one of the target genes for beta-catenin [18] . Dicer1 codes for the Dicer protein, which is involved in the cleaving and formation of all micro-RNA (miRNA) end-products. MiRNAs such as miR-124, miR-135, and miR-15a have been shown in separate studies to play a role in stress adaptations [48] [49] [50] . In addition to that, a general decrease in miRNA expression throughout the brain has been found to be consistent with lowered activation of the frontal cortex in depressed human subjects [70] , while up-regulation of the miR-16 miRNA in the raphe nuclei and hippocampus was found to induce depressive behaviour [71] . More recently, in the medial prefrontal cortex, up-regulation of miRNAs that suppress mRNAs for proteins involved with neural processes such as GABAergic and dopaminergic synaptic activity, as well as synaptic vesicle recycling, was observed in rats that had depression induced via chronic unpredictable mild stress [72] . These studies appear to indicate that upregulation and downregulation of miRNAs may vary from region to region in the brain during depressive-like conditions, and that these fluctuations are involved in changes related to neural processes. As Dicer is again a key protein involved in the formation of miRNAs, it is very likely that Wnt signalling and beta-catenin, which control Dicer1 gene expression, have an important part to play in this pathway (Fig. 4) .
Serotonergic regulation of beta-catenin
Serotonergic-based antidepressants such as citalopram and fluoxetine can alter betacatenin levels. Although not within the brain, during hepatocellular cancer, serotonin (5-HT) has been directly implicated in cell proliferation via its activation of the 5-HT7 and 5-HT1D receptors. It was suggested that activation of these receptors interferes with the beta-catenin destruction complex and attenuates cytoplasmic and nuclear beta-catenin levels [73] . The presence of this mechanism strongly suggests that 5-HT and beta-catenin in the brain may interact via serotonin receptors.
This has been borne out in numerous previous studies involving the interactions of 5-HT with GSK3β and beta-catenin in various parts of the brain. For example, in vivo treatment with agonists and antagonists for both 5-HT1A and 5-HT2 receptors brought about changes in GSK3β phosphorylation levels within the prefrontal cortex, hippocampus and striatum of the brain -activation of 5-HT1A receptors increased phosphorylated GSK3β, while activated 5-HT2 receptors decreased it [74] . As the levels of phosphorylated GSK3β are inversely correlated with beta-catenin activity and availability [43] , Li's study suggested that activating 5-HT1A receptors decreases beta-catenin activity, and vice versa for 5-HT2.
In the hippocampus, the selective serotonin reuptake inhibitor (SSRI) fluoxetine has also been demonstrated to regulate neurogenesis via up-regulating phosphorylation of GSK3β, thereby inactivating it; this effect was shown to be dependent on 5-HT1A receptors [75] . The up-regulation of phosphorylated GSK3β was accompanied by an increase in nuclear localization of beta-catenin, indicating increased Wnt signalling, and subsequently increased cell proliferation [75] .
The 5-HT7 receptor is also coupled to the G12-protein, which in turn has demonstrated the ability to cause beta-catenin to dissociate from cadherins when activated -this naturally increases the amount of free, unphosphorylated beta-catenin in the cytoplasm [76, 77] . It may be of note that 5-HT7 receptors have shown to display cross-reactivity with agonists for 5-HT1A, and both are highly expressed in regions of the brain related to depression during major depressive disorders [78] .
Conclusion and Outlook
Depression and stress are inextricably intertwined, as each feeds on the other. Taken together, these results paint a picture where beta-catenin, via the Wnt signalling pathway, plays an important role in stress response and depression. First, the stress response impacts beta-catenin expression. Stress increases glucocorticoid levels, which may then be responsible for the lowering of beta-catenin levels that have been observed in the various studies discussed in this review. This in turn influences cellular function. The reduction in beta-catenin levels further degrade the organism's ability to resist stress through miRNA upregulation.
Although the exact role of miRNA in depression is yet unclear, it is suggested that micro-RNAs may act on untranslated regions of genes such as 5-HT1A and the serotonin transporter (SERT) gene that have an important function in the serotonergic system [50] . Bioinformatics analysis show that that miR-135 suppress the transcripts of both 5-HT1A and SERT -that reduces the ability of synapses to recycle serotonin [50] . If the ability of an organism to resist stress deteriorates unchecked, this may potentially cause a feedback loop cascade culminating in depression.
While constant overexpression of beta-catenin is characteristic in cancer [79] , changes in beta-catenin levels under depression is dependent upon the region of the brain [16, 17, 29, 46, 69] and not as easily definable as its role in cancer; as such, beta-catenin in depression requires a more varied approach to its investigation. Furthermore, beta-catenin in cancer is closely linked to the mutation of p53 [80, 81] , whereas in depression, alterations in betacatenin levels appears to be more associated with changes in the phosphorylation state of GSK3β and the serotonergic system [16, 17, [62] [63] [64] .
At the moment, therapeutic targeting of beta-catenin is in its early stages of development [82, 83] . Due to the importance of Wnt signalling throughout the body -in which betacatenin plays a crucial role -any treatment targeting beta-catenin may well be accompanied by adverse side-effects. Furthermore, as has been detailed in this review, even in the brain alone, the increase or decrease in beta-catenin levels during depression and stress are regiondependent. There is already a beta-catenin specific antagonist (PRI-724) undergoing clinical trials [83, 84] ; although this agent shows promise, its trials focus primarily on intestinal and pancreatic cancer. In terms of depression, the question of delivering beta-catenin treatment to specific regions of the brain is yet to be addressed. Of course, there are other potential agents under research, such as MSAB [85] and ICG-001, inhibitors small enough to potentially pass through the blood brain barrier [86] . Should the problem of site specific drug delivery in the brain be resolved, control over beta-catenin levels has potential to be a powerful tool in combating depression, as well as a host of other Wnt pathway-related disorders. Furthermore, as discussed in this review, the ubiquitous presence of beta-catenin within the brain as well as its changed expression levels during depression confers great potential as a diagnostic marker in the biology of major depressive disorder.
In conclusion, changes in beta-catenin have a key role in the pathology of depression. It may be interesting to consider beta-catenin as a potential diagnostic marker for depression, as well as a novel pharmacological target in the treatment of major depressive disorder. Further research in this complex yet fascinating area may yet discover new avenues of combating depression.
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